The Curie temperature, phase transformation, microstructure and magnetic properties of Fe-10Cr-xCo alloys with low Cobalt content were analyzed after casted and solid solution quenched, respectively. The results show that the experimental Curie temperature increases from 1043 K to 1065 K with differential Co content addition, and which is about 50 K higher (as can be called "the degree of superheat") compared with the calculated data. Besides, addition of Co promotes the formation of ¡-ferrite phase, and thus leads to the decrease of Vickers hardness. According to X-ray diffraction results, B2 type ordered structure forms, and Cr 1.07 Fe 18.93 was observed in all the samples, whereas, CoFe 15.7 only can be found in the sample with the addition of Co is more than 2 mass%.
Introduction
Fe-Cr-Co alloys are considered as ductile permanent magnets due to their higher Curie temperature, better corrosion resistance, and more economical production cost in comparison to Al-Ni-Co magnets. 13) Thus, the alloys have been applied variously in the related fields, such as electroacoustical, electronic industry, telephones, tacho-meters, micro-meters, and so on. 4, 5) In addition, Fe-Cr-Co alloys also can be used for the heat-resistant components of power plant devices that work under temperatures up to 823 K because of their excellent high temperature stability.
As a group of materials with a miscibility gap, the magnetic properties in Fe-Cr-Co alloys are formed by the spinodal decomposition of high temperature ¡ phase, into iron-rich phase (¡ 1 ) and chromium-rich phase (¡ 2 ). 6, 7) As shown in previous investigations, 4, 8) the addition of Co in Fe-Cr-Co alloys can raise the decomposition temperature of ¡ phase, and also extend the difference in concentrations between ¡ 1 and ¡ 2 phase. The magnetic properties of Fe-CrCo alloys are mainly affected by the addition of Co with the usual content being about 20 mass%, or above 10 mass% at least. 2, 9) Recently, it also has been reported that adding 2 3 mass% Co in 9Cr ferritic heat-resistant steel drastically improves short-term creep strength, while long-term creep properties tend to deteriorate around 923 K. 10, 11) The addition of Co may indirectly affect microstructural change in the complicated martensitic structure. Hence, research on the mechanism of low-Co content in simple ternary Fe-Cr-Co alloy is very important to understand the influence of Co on microstructure and related properties in high-temperature alloys and soft-magnetic materials. The Fe-Cr-Co alloys as permanent magnets were studied sufficiently.
1214) Unfortunately, the mechanism of Co in Fe-Cr-Co alloys with low-Co content is unclear.
In the present work, Fe-Cr-Co alloys with various low Co content were prepared by vacuum arc melting, and then solidsolution quenched at 1373 K. The influences of Co addition on Curie temperature and microstructure of Fe-Cr-Co alloys were analyzed, and as a comparison, the theoretical Curie temperature of the employed alloys was also calculated. Differential Thermo Analysis (DTA) and X-ray Diffraction (XRD) were employed in order to measure the phase transformation and composition. At last, the Vickers hardness and the magnetic properties were investigated by Vickers Hardness Tester and Vibrating Sample Magnetometer (VSM), respectively.
Experimental Procedure
The Fe-10Cr-xCo (x = 1, 2, 3, and 4 in mass%) alloys were prepared from 99.9 mass% Fe, 99.95 mass% Cr and 99.8 mass% Co by vacuum arc melting in a water-cooled copper crucible. The alloy ingots about 100 g were repeatedly melted for eight times, and then solid solution quenched at 1373 K for 60 min in quartz capsules vacuum furnace at 1 © 10 ¹3 Pa. In order to obtain phase transformation data, the DTA experiment was carried out in high purity argon atmosphere to avoid oxidation. The samples used for DTA were cylindrical specimens,¯5 © 3 mm, and the thermal treatment cycle are applied as follows: the samples were firstly heated from room temperature to 1273 K with a rate of 15 K/min, and holding for 5 min, then cooled to room temperature with the same rate. Phase compositions were identified at room temperature by X-ray diffraction (XRD) analysis using Cu K¡ radiation, with a step size of 0.03°. Vickers hardness tests were carried out with an applied load of 9.8 N (100 g) for 15 s. The magnetic hystersis loop was measured by Vibrating Sample Magnetometer (VSM). Microstructure of the samples was observed by optical microscopy (OM). OM samples were prepared by grinding with a series of SiC paper from 240 to 1500 grit, followed by diamond paste (0.05 µm) as the final mechanical polishing in sequence. After polished, the samples were etched with a solution of water (100 mL), hydrochloric acid (20 mL), and iron trichloride (5 g).
Results and Discussion

Phase transformations and microstructures
The results of the heat flow as a function of temperature for the Fe-10Cr-1Co alloy are shown in Fig. 1 . It can be found that there are three distinct endothermic peaks during heating. The first one around 393 K represents the normal absorption of samples with heating. The second one around 1043 K is originated from the transition from a ferromagnetic state to a paramagnetic state, namely the so-called Curie transition or the magnetic transition. The last one is a new phase formation peak for the transformation from martensite to austenite. During cooling, only one exothermic peak located between 773 K and 573 K can be recognized, which indicates the transformation from austenite to martensite.
The obtained Curie temperatures (m-CP) of Fe-10Cr-xCo alloys based on DTA data are plotted in Fig. 2 . With the increase of Co addition, the Curie temperature of Fe-10Cr-xCo alloys increases sensitively, which is also higher than the Curie temperature of pure Fe (1042 K 15) ). It can be found that the Curie temperature increases from 1043 K to 1065 K with the increase of Co content from 1 mass% to 4 mass%, which indicates that the addition of Co would increase the magnetic transition temperature in Fe-10Cr alloy. It was reported 16) that the Curie temperature is about 1033 K in Fe-10 atom%Cr alloy, and increases under the small Cr concentrations. On the contrary, the Curie temperature would decrease when the concentration of Cr in the alloy is exceeded about 6 atom% Cr. The converted atom percent of Cr in the experimental materials is about 10.3 atom%, obviously higher than 6 atom%, leadings to the decrease of Curie temperature. Besides, pure Co is a strong ferromagnets, and its Curie-point temperature is up to about 1373 K.
17) The combined influence of Cr and Co results in the increase of Curie temperature. The calculated Curie temperature of Fe-Cr-Co alloy can be expressed as: 18) T 19) x Fe , x Cr and x Co are the concentrations of element Fe, Cr and Co, respectively.
Based on eq. (1), the calculated Curie temperatures (c-CP) in prepared Fe-10Cr-xCo alloys are also displayed in Fig. 2 . It can be seen that all the calculated data are lower than the experimental data, which means that there need to be a certain degree of superheat during the actual Curie transformation. The degree of superheat provides the driving force of the transformation from ferromagnetism to paramagnetism, whose value is about 50 K under the applied heating rate in present work.
The obtained phase transformation temperatures of Fe10Cr-xCo alloys during heating and cooling based on DTA experiment are listed in Table 1 . With the increase of Co content, it is obvious that both austenitic transformation temperature (A s and A f ) and martensitic transformation temperature (M s and M f ) increases. The transformations of austenite and martensite finish in an approximately the same range about 40 K and 120 K depending on the content of Co, respectively. The variety of M s point and the activation energy of martensite can partly be attributed to the influence of alloying elements.
2123) Ghosh and Olson 24) showed that Co is a subsitutional solid solution alloying element and strongly affects phase transition temperature of alloys. Cr element, as a stronger carbides/nitrides forming alloying element, has nearly no influence on M s , which means that it does not promote or obstruct martensitic transformation. 25, 26) The critical value in (J/mol) of the driving force needed to trigger martensitic transformation is where c 0.5 is the square root of the alloying element concentration in mole fraction. Without consideration of heat-treatment, it is likely that the decrease of the stability of austenite will promote martensitic transformation, and followed by this opinion, the alloying elements with lower stability of austenite (e.g., Al, Ni, Co) should have a beneficial role in promotion of martensitic transformation. It means that Al, Ni, Co will decrease the activation energy of martensitic transformation, and promote martensite embyos activation. 28) Hence, the increase of Co addition promotes martensitic transformation and improves martensite-start temperature, M s (as shown in Table 1 ).
The optical micrographs for the samples solution quenched at 1373 K for 60 min are represented in Fig. 3 . It is clear that the samples are consisted of martensite and ¡-ferrite (Fig. 3(b)(d) ), except for Fe-10Cr-1Co alloy with approximately single phase of martensite (Fig. 3(a) ). The phase with bright contrast can be identified as ¡-ferrite, while the phase with dark contrast and lath shape can be identified as martensite. These micrographs reflects that the microstructure transforms from single phase (martensite) to dual phases (martensite and ¡-ferrite) with the increase of Co content. On the other hand, these micrographs also show that the microstructure is very sensitive to the Co content in the researched Fe-10Cr-xCo alloys. As is known to all, as an austenite-stabilizing alloying element, Co can promote austenitic transformation, and improve austenite start-transformation temperature (A s ). Thus, with the increase of Co addition, A s temperature is raised and more ¡-ferrite forms during continuous cooling, which leads to the co-existence of martensite and ¡-ferrite after quenching.
To address the quantitative influence of the Co content on phase formation, the ¡-ferrite fraction were quantitatively analyzed by measuring the square of light contrast with more than 20 optical photographs of the samples, the thus obtained results are displayed in Fig. 4 . The content of ¡-ferrite increases sharply with the increase of Co content, which is also confirmed that the microstructure of the researched Fe10Cr-xCo alloys is significantly affected by Co content. The microstructure is single ¡-ferrite phase in magnetic Fe-Cr-Co alloy in which the content of Cr and Co are generally above 20 mass% and 8 mass%, respectively.
29) The existence of ¡-ferrite is a typical characteristic in permanent magnets, and the increase of ¡-ferrite including Fe and Co elements reflects that the Fe-10Cr-xCo alloys are gradually transformed to permanent magnets with the increase of Co content.
The X-ray diffraction patterns of the Fe-10Cr-xCo alloys solution quenched at 1373 K for 60 min are displayed in Fig. 5 . Based on magnification of the main diffraction peak located at 43°³47°(as shown in Fig. 5(b) ), it represents a Phase Transformation and Properties of Fe-Cr-Co Alloys with Low Cobalt Contenttrend of periodic attenuation, which reflects the formation of superlattice ordered structure. Superlattice crystallization is a thermodynamically driven process, with the lattice structure depending primarily on the size distribution and interparticle interactions. 30) Parkin et al. 31) found that metallic superlattice structures can be formed in Co/Cr, Fe/Cr. Besides, superlattice also can be formed in semiconductors. The chemical formula of superlattice structure in the researched allos was Cr 1.07 Fe 18.93 , and in addition, only a little CoFe 15.7 , which can not be detected by XRD, might exist in the samples with the content of Co below 2 mass%. In addition, with the increase of Co content (above 2 mass%), the formation of CoFe 15.7 can be identified in XRD patterns. It means that the B2 type ordered structures of intermetallic compound with the formulas of Cr 1.07 Fe 18.93 and CoFe 15.7 form in the research alloys. According to Fig. 5 , it also can be distinguished that the diffraction peaks of B2-Cr 1.07 Fe 18.93 and B2-CoFe 15.7 are partly overlapping, except the last peak at around 98°. The increase of Co content, from 1 mass% to 4 mass% in Fe10Cr-xCo alloys, leads to the broadening of diffraction peaks. Thus, the existence of B2-CoFe 15.7 phase can be confirmed. The addition of Co results in the reaction between the elements of Fe and Co, and thus more B2-CoFe 15.7 forms in Fe-10Cr-xCo alloys. Figure 6 compares the distribution of Vickers hardness for Fe-10Cr-xCo alloys as a function of Co content. It is obvious that the value of Vickers hardness is strongly dependent on Co content, and decreases with the increase of Co content. The variety of Vickers hardness reflects the change of microstructure. As well known, the Vickers hardness of martensite phase is about 300 HV, which can be considered as the highest value comparing to 120 HV of ¡-ferrite. 32, 33) The formation of ¡-ferrite can be promoted due to the addition of Co, and thus the increase of ¡-ferrite reduces the obtained average Vickers hardness. Most of added Co presented as solid solution element in matrix, which means that Co may indirectly affect the complicated martensitic structure. 10) Because of the increase of Co content, the larger grain size of prior austenite causes that the formed martensite lath also becomes larger during the following continuous cooling. Hence, the reason, causing the decrease of Vickers hardness with more Co addition, can be attributed to two points, one is the increase of ¡-ferrite, and the other is the larger formed martensite lath.
Vickers hardness and magnetic properties
The typical magnetic hystersis loop of Fe-10Cr-1Co alloys measured by VSM is represented in Fig. 7 , which is similar with the other experimental samples. It can be found that the experimental materials can be obtained magnetic saturation as the magnetic field being more than 400 kA/m, whereas the value of H c is 4³6 kA/m. Based on this, Fe-10Cr-xCo alloys with low Co content can not absolutely defined as softmagnetic materials, and should be classified as semihard magnetic materials. The obtained magnetic properties of Fe- 10Cr-xCo alloys based on the measured magnetic hystersis loop from VSM are listed in Table 2 . It can be found that the magnetic properties depend critically on the content of Co. Both the coercivity and the saturation magnetization increase with Co content rising from 1 mass% to 4 mass%. Although, the change of the residual magnetic flux density is not obvious with the content of Co.
Conclusions
Fe-10Cr-xCo alloys with low Cobalt content were prepared by vacuum arc melting, followed by solid solution quenched. The Curie temperature, phase compositions, microstructure and magnetic properties were investigated, and the following conclusions can be drawn:
(1) The Curie temperature increases with the increase of Co content, and there is a degree of superheat affecting the experimental data compared to the calculated data. (2) The addition of Co promotes the transformation from austenite to martensite. In addition, the formation of ¡-ferrite is sensitive to Co content, which increases sharply with the increase of Co content from 1 mass% to 4 mass%. (3) Cr 1.07 Fe 18.93 phase is matrix phase in Fe-10Cr-xCo alloys, and coexisted with CoFe 15.7 under the condition that the content of Co is above 2 mass%. (4) Fe-10Cr-xCo alloys with low Cobalt content are semihard magnetic materials. Both the coercivity and the saturation magnetization increase with the increase of Co content. 
